To realize the full potential of targeted protein kinase inhibitors for the treatment of cancer, it is important to address the emergence of drug resistance in treated patients. Mutant forms of BCR-ABL, KIT, and the EGF receptor (EGFR) have been found that confer resistance to the drugs imatinib, gefitinib, and erlotinib. The mutations weaken or prevent drug binding, and interestingly, one of the most common sites of mutation in all three kinases is a highly conserved ''gatekeeper'' threonine residue near the kinase active site. We have identified existing clinical compounds that bind and inhibit drug-resistant mutant variants of ABL, KIT, and EGFR. We found that the Aurora kinase inhibitor VX-680 and the p38 inhibitor BIRB-796 inhibit the imatinib-and BMS-354825-resistant ABL(T315I) kinase. The KIT͞FLT3 inhibitor SU-11248 potently inhibits the imatinib-resistant KIT(V559D͞T670I) kinase, consistent with the clinical efficacy of SU-11248 against imatinib-resistant gastrointestinal tumors, and the EGFR inhibitors EKB-569 and CI-1033, but not GW-572016 and ZD-6474, potently inhibit the gefitiniband erlotinib-resistant EGFR(L858R͞T790M) kinase. EKB-569 and CI-1033 are already in clinical trials, and our results suggest that they should be considered for testing in the treatment of gefitinib͞ erlotinib-resistant non-small cell lung cancer. The results highlight the strategy of screening existing clinical compounds against newly identified drug-resistant mutant variants to find compounds that may serve as starting points for the development of nextgeneration drugs, or that could be used directly to treat patients that have acquired resistance to first-generation targeted therapy. drug resistance ͉ gatekeeper mutation ͉ kinase inhibitor
T argeted protein-tyrosine kinase inhibitors represent a major advance in cancer treatment (1, 2) . Although these drugs have been extremely effective in specific patient populations with tumors containing mutated, oncogenic forms of tyrosine kinases, the accumulating clinical experience suggests that most patients will develop resistance (3) . Resistance can be caused by amplification of the oncogenic protein kinase gene (4) or other mechanisms, but in a significant fraction of cases, resistance can be traced to the selection of cancer cells with secondary mutations in the targeted kinase. The resistance mutations often appear in the kinase catalytic domain and directly prevent or weaken the interaction with the inhibitor. Resistance mutations have been observed in the kinase domain of BCR-ABL, KIT, and the platelet-derived growth factor receptor in patients treated with imatinib (5) (6) (7) (8) (9) , and in the EGF receptor (EGFR) in patients treated with gefitinib or erlotinib (10, 11) . Consequently, it is important to develop efficient strategies to identify and rapidly develop alternative compounds that will be effective against mutated targets resistant to first-line inhibitors (12, 13) . Such compounds also provide the opportunity for developing multidrug therapies to delay or prevent the appearance of resistant kinase variants, analogous to the successful use of drug cocktails for treatment of HIV infections.
One strategy to identify inhibitors that could be brought to the clinic quickly is to screen compounds already approved by the Food and Drug Administration or in clinical development against kinases with newly identified mutations that confer drug resistance. Most protein kinase inhibitors inhibit other ''off-target'' kinases in addition to their intended target, but other targets are generally not predictable and must be identified experimentally (14) . Although off-target activities may lead to side effects, they can also lead to the expansion of a drug's clinical utility. A good example of this idea is the rapid development of imatinib as a treatment for gastrointestinal stromal tumors (GIST) after the discovery that the drug is an effective inhibitor of KIT as well as ABL (15) (16) (17) . Screening clinical compounds against drug-resistant, mutated kinases takes advantage of the propensity of protein kinase inhibitors to hit multiple targets, and provides potentially new uses for drugs and new treatment options for patients.
Here we apply this strategy to the therapeutically important tyrosine kinases BCR-ABL, KIT, and EGFR. Interestingly, some of the common drug-resistant mutations in these kinases are structurally related: BCR-ABL(T315I), KIT(T670I), and EGFR(T790M) contain homologous mutations of the conserved ''gatekeeper'' threonine residue (7, 10, 11) . Mutations of this residue can have profound effects on small molecule binding in the context of different kinases (13, 18) , yet the mutations do not inactivate kinase function. Based on the behavior of imatinib, BMS-354825 (also known as dasatinib) (19) and other ABL inhibitors (20) (21) (22) , all of which share a significant loss of affinity for ABL(T315I) relative to other ABL variants, one might conclude that it is particularly difficult to inhibit ABL(T315I) with an ATP-competitive compound. We have shown previously that the p38 inhibitor BIRB-796 (23) binds tightly (K d ϭ 40 nM) to ABL(T315I) (14) , and here identify VX-680, an Aurora kinase inhibitor chemically unrelated to BIRB-796 (24) , as a second high-affinity binder to ABL(T315I) (K d ϭ 5 nM). We show further that the KIT͞FLT3 inhibitor SU-11248 (25) , which is in late stage clinical trials for imatinib-resistant GIST, is a potent inhibitor of imatinib-resistant KIT(V559D͞T670I). This result is consistent with the clinical efficacy of the compound (Pharmaprojects database, www.pjbpubs.com͞pharmaprojects͞index.htm), but the direct interaction has not been demonstrated to our knowledge. Finally, we find that EKB-569 and CI-1033, EGFR inhibitors that have completed phase I clinical trials (26, 27) Abbreviations: EGFR, EGF receptor; GIST, gastrointestinal stromal tumor. database), potently inhibit the erlotinib-and gefitinib-resistant EGFR(L858R͞T790M) variant.
(Pharmaprojects
Based on our results, VX-680 and BIRB-796 should be further explored as the basis for a possible treatment of imatinib-resistant chronic myeloid leukemia, and EKB-569 and CI-1033 should be tested in patients with EGFR(T790M)-mediated resistance to gefitinib or erlotinib.
Methods
Compounds. Imatinib, PD-180970, VX-680, BIRB-796, SU-11248, MLN-518, gefitinib, erlotinib, GW-572016, EKB-569, CI-1033, ZD-6474, PKI-166, and SU-11464 were custom synthesized. BMS-354825 was provided by Bristol-Myers Squibb. CL-387785 was purchased from Calbiochem.
Competition Binding Assays. To assess small molecule binding to wild-type and mutant kinases, we used ATP site-dependent competition binding assays. Assays were developed, validated, and performed as described (14) .
In Vitro Enzyme Activity Assays. Upstate Biotechnology's KinaseProfiler service was used to measure small molecule inhibition of ABL and ABL(T315I) in vitro. For experimental details, see Supporting Text, which is published as supporting information on the PNAS web site.
Cell-Based Assays for BCR-ABL Inhibition. To assess the ability of small molecules to inhibit BCR-ABL in cells, we used Ba͞F3 cells that express wild-type or mutated BCR-ABL. Assays were performed as described (28) .
Cell-Based Assays for KIT Inhibition. Full-length KIT(V559D) and KIT(V559D͞T670I) were expressed in HEK-293 cells. Cells were treated with compound or DMSO vehicle for 2 hours, and levels of total KIT protein and KIT phosphorylated at tyrosine 823 were measured by using an ELISA (Biosource, Camarillo, CA (29, 30) , as well as one double-mutant variant of KIT with an imatinib-resistant secondary mutation introduced in the context of an activating mutation (V559D͞T670I) (7) . We then tested seven compounds for binding to this panel of 12 kinase variants ( Table 2 , which is published as supporting information on the PNAS web site). Imatinib, BMS-354825, and PD-180970 are potent inhibitors of wild-type and various mutant forms of BCR-ABL (19, 21, 31) , but not BCR-ABL(T315I). BMS-354825 is in clinical development for imatinib-resistant chronic myeloid leukemia (19, 32) . BIRB-796 is a p38 inhibitor that has been in clinical trials for inflammatory disease (23) . MLN-518 and SU-11248 are inhibitors of wild-type and activated KIT and FLT3 (33) (34) (35) (36) , and both have been in clinical trials for treatment of acute myeloid leukemia (25, 37) (Pharmaprojects database). SU-11248 is also in late-stage clinical trials for treatment of imatinib-resistant GIST. The Aurora kinase inhibitor VX-680 is in phase I clinical development for solid tumors (www. clinicaltrials.gov) (Pharmaprojects database), and is also known to inhibit FLT3 (24) . VX-680 was included in this study because many FLT3 inhibitors, such as SU-11248 and MLN-518, also inhibit KIT.
The binding affinity of imatinib for imatinib-resistant ABL variants correlates well with results from cell-based inhibition experiments, as described (Table 1) (14) . BMS-354825 binds ABL with 4-fold greater affinity than imatinib, consistent with the significantly higher potency of BMS-354825 compared to imatinib in cell-based assays (19) . Although BMS-354825, PD-180970, and a number of other compounds have been described as effective inhibitors of multiple imatinib-resistant ABL variants, none of these compounds are effective against ABL(T315I) (13, 20) . Indeed, the affinity of BMS-354825 and PD-180970 for ABL(T315I) and ABL(T315N) is down at least 80-fold relative to wild type ABL (Table 1) . In contrast, BIRB-796 binds with good affinity to ABL(T315I) (K d ϭ 40 nM), but has significantly weaker affinity for wild-type and other imatinib-resistant forms of ABL, with K d values Ͼ1 M (14) ( Table 1) . Therefore, BIRB-796 has a binding profile opposite, or complementary to, that of imatinib, BMS-354825, and the other known ABL inhibitors. This observation raised the possibility that perhaps ATP-competitive compounds will bind only wild-type or T315I mutant ABL, but not both. However, this does not appear to be the case based on our finding that VX-680 binds tightly, with a K d of Ϸ20 nM or lower, to wild-type ABL and most of the ABL variants, including T315I (K d ϭ 5 nM) ( Table 1) . The only ABL variant tested with somewhat lower affinity for VX-680 was ABL(T315N), with a binding constant Ϸ5-fold higher than for wild-type ABL. Our strategy has identified two existing, chemically unrelated, protein kinase inhibitors, VX-680 and BIRB-796, that bind ABL(T315I) with high affinity, and it will be of great interest to define the structural basis for the different binding profiles of imatinib, BMS-354835, BIRB-796, and VX-680.
To determine whether binding of VX-680 and BIRB-796 to ABL(T315I) leads to inhibition of the kinase, we tested the compounds in in vitro enzyme activity assays. In the enzyme activity assays, VX-680 potently inhibited wild-type ABL with an IC 50 value of 10 nM and ABL(T315I) with an IC 50 value of 30 nM. These results confirm that VX-680 can potently inhibit the enzymatic activity of ABL(T315I). BIRB-796 inhibited ABL(T315I) in vitro, but the IC 50 value (4 M) was higher than the affinity measured in our binding assays (inhibition of the enzymatic activity of wild-type ABL was not tested with BIRB-796). By comparison, the IC 50 for inhibition by imatinib was 0.4 M for wild-type ABL, and no significant inhibition was observed at 10 M for ABL(T315I). For the binding assays, the ABL protein is produced at low concentration in bacteria (14) , and the enzyme activity assays use purified protein expressed in insect cells (see Supporting Text). The weaker activity of BIRB-796 and imatinib in the in vitro enzymatic assay may therefore be due to different activation states of the kinase in the binding and activity assays and the propensity of both compounds to bind more tightly to the unactivated kinase conformation (23, 38) .
To further explore the relationship between binding and inhibition, we determined the effects of BIRB-796 and VX-680 in Ba͞F3 cells expressing wild-type or mutant BCR-ABL. BIRB-796 inhibited proliferation of cells expressing BCR-ABL(T315I) (IC 50 Ϸ2-3 M) more potently than cells expressing BCR-ABL with no resistance mutation (IC 50 Ͼ 10 M) (Fig. 5 , which is published as supporting information on the PNAS web site). VX-680 is a known inhibitor of Aurora kinases, which are required for cellular proliferation (24) , and indeed, VX-680 inhibited proliferation of cells expressing either form of BCR-ABL as well as the parental Ba͞F3 cell line (IC 50 ϭ 100-200 nM) (data not shown). To more directly assess inhibition of BCR-ABL enzymatic activity in cells, we measured BCR-ABL autophosphorylation. BIRB-796 inhibited BCR-ABL(T315I) autophosphorylation in Ba͞F3 cells with an IC 50 value of 1-2 M (Fig. 1A) , consistent with the results of the cell proliferation assay and the in vitro activity assay (see above), and confirming that this compound is an inhibitor of ABL(T315I). The IC 50 for inhibition of BCR-ABL(T315I) autophosphorylation in Ba͞F3 cells by VX-680 was Ϸ5 M (Fig. 1B) , significantly higher than the binding constant (Table 1 ) and the IC 50 for inhibition of ABL enzymatic activity measured in vitro. By comparison, there is no significant inhibition of BCR-ABL(T315I) by imatinib in this assay, even at 10 M concentration (28). We do not yet fully understand the reason for the quantitative discrepancy between cell-based results in the Ba͞F3 system and in vitro results for VX-680, and additional studies will be necessary to resolve this question. Possible explanations include unusual kinase conformations and͞or nonnative phosphorylation patterns induced by overexpression of the protein in Ba͞F3 cells.
Based on our findings with ABL, we decided to explore other kinases that are targeted by existing drugs and in which drugresistant ''gatekeeper'' mutations have been found. The five known KIT inhibitors, imatinib, BMS-354825, PD-180970, MLN-518, and SU-11248, bind both KIT variants with activating mutations (V559D and N822K) with high affinity (K d Յ 20 nM) ( Table 1) (Fig. 2A) . The affinity for imatinib was decreased Ͼ100-fold by the T670I mutation, and a similar pattern was observed for BMS-354825 (decreased Ͼ10,000-fold), MLN-518 (decreased Ͼ100-fold), and PD-180970 (decreased Ͼ1000-fold) ( Table 1) (Fig. 2 A) . The effect of the T670I mutation in KIT is therefore similar to that of the T315I mutation in ABL. However, binding of SU-11248 to KIT was not significantly affected by the T670I mutation (Table 1) (Fig. 2 A) , again illustrating that it is possible to identify compounds that can bind both wild-type and ''gatekeeper'' mutant variants of the same kinase. VX-680 and BIRB-796 did not bind with high affinity to any of the KIT variants tested.
To confirm that binding interactions observed in vitro are predictive of kinase inhibition in cells, we expressed KIT(V559D) and KIT(V559D͞T670I) in HEK-293 cells and measured KIT autophosphorylation (Fig. 2B) . Consistent with results from the binding assays, imatinib, BMS-354825, PD-180970, MLN-518, and SU-11248 effectively inhibited KIT(V559D), but only SU-11248 was able to inhibit KIT(V559D͞T670I) (Fig. 2B ) (see Table 3 , which is published as supporting information on the PNAS web site, for IC 50 BIRB-796 and VX-680 inhibit imatinib-resistant BCR-ABL(T315I). Ba͞F3 cells expressing BCR-ABL(T315I) were treated for 2 hours with compound, whole-cell lysates prepared, and total protein analyzed by Western blot using anti-ABL and anti-phosphotyrosine antibodies as described (28) . (Table 1) , the cellular activity of BMS-354825 was Ͼ10-fold greater than that of SU-11248 or PD-180970 ( Table 3 ), implying that additional pharmaceutical properties may also contribute to the greater cellular potency of BMS-354825.
Inhibition of Drug-Resistant EGFR.
Mutations in the kinase domain of EGFR have been found in a significant fraction of patients who have responded to gefitinib and erlotinib. The L858R mutation is one of the most common mutations associated with a therapeutic response to the EGFR inhibitors gefitinib and erlotinib (Ͼ40% of EGFR mutations in non-small cell lung cancer), whereas the T790M mutation results in resistance to both drugs. The combination of the L858R and T790M mutations has been found in at least one patient who initially responded to gefitinib but relapsed after 9 months with a gefitinib-resistant tumor (11) . Small deletions near the EGFR ATP-binding site are also found in patients that respond to gefitinib or erlotinib (39) (40) (41) , and the T790M mutation also confers resistance in these patients (10, 11) . To identify inhibitors of drug-resistant EGFR(L858R͞T790M), we tested 47 known kinase inhibitors for the ability to inhibit proliferation of the non-small cell lung cancer (NSCLC) cell line H1975, which contains L858R and T790M mutations in EGFR (11) (see Table 4 , which is published as supporting information on the PNAS web site). We found three compounds that showed a significant effect on proliferation (Ն85% inhibition at 2 M), CL-387785, EKB-569, and CI-1033 (Fig. 6 , which is published as supporting information on the PNAS web site). CL-387785 is a commercially available research compound, and is the only previously known inhibitor of both wild-type EGFR and EGFR with the T790M mutation (10) . EKB-569 and CI-1033 are EGFR inhibitors that have completed phase I clinical trials for NSCLC (Pharmaprojects database).
To confirm and extend the results, we measured IC 50 values for inhibition of H1975 cell proliferation (Fig. 3A and Table 5 , which is published as supporting information on the PNAS web site). CL-387785, EKB-569, and CI-1033 were Ͼ100-fold more effective at inhibiting H1975 growth than gefitinib (Fig. 3A) or erlotinib ( (Table 5 ). The growth inhibition curve for CI-1033 shows a significant second transition at higher concentration that was not observed, or was at least much less pronounced, with EKB-569 or CL-387785. To measure a biochemical correlate of EGFR tyrosine kinase activity, we determined EGFR autophosphorylation levels in H1975 cells (Fig. 3B) . The IC 50 values for inhibition of autophosphorylation were consistent with the IC 50 values for growth inhibition, confirming that the three compounds are potent inhibitors of the activity of EGFR(L858R͞T790M). No significant second transition was observed for inhibition of EGFR autophosphorylation by CI-1033, and we do not yet know what causes the difference in the shape of the curves for inhibition of growth and autophosphorylation for this compound.
Kinase Interaction Maps for BMS-354825 and VX-680. BMS-354825 was originally evaluated for inhibition of imatinib-resistant BCR-ABL because it had been shown to have broad antiproliferative effects and was known to inhibit multiple kinases, including SRC. The apparent promiscuity of BMS-354825 suggested that the compound might be able to tolerate small changes in a kinase and inhibit mutant forms of ABL (19) . Imatinib, by contrast, is a more specific compound that binds a particular conformation of ABL (14, 38) . To more fully characterize the overall kinase specificity of BMS-354825, and to compare the specificity to that of VX-680, we constructed interaction maps for both compounds against a large panel of human kinases (Fig. 4) (14) . A primary screen at 10 M identified kinases that bind to the compounds, and a quantitative K d was measured for each kinase hit in the primary screen (see Table  6 , which is published as supporting information on the PNAS web site, for complete quantitative results). We found that BMS-354825 binds 76 of 148 kinases screened at 10 M, 47 of them with K d Յ 200 nM. BMS-354825 binds to a large number of tyrosine kinases with very high affinity (Table 6) , consistent with its reported broad antiproliferative activity (31) . The interaction map for BMS-354825 is in some ways complementary to that of staurosporine, a highly promiscuous compound that tends to bind with higher affinity to serine-threonine, rather than tyrosine, kinases (14) . It is interesting to note that, despite its promiscuity, BMS-354825 seems to be well tolerated in patients (N.P.S. and C.L.S., unpublished observations).
VX-680 was found to bind tightly to Aurora kinases as well as Fig. 4 and Table 6 ), consistent with published results (24) . However, although VX-680 has been described as a very specific inhibitor, we discovered that the compound binds to 37 of 119 kinases tested at 10 M, including 19 kinases with K d values Ͻ200 nM. BMS-354825 and VX-680 both bind numerous kinases; however, promiscuity alone does not explain why VX-680 binds ABL(T315I) with much higher affinity than BMS-354825, because BMS-354825 is the more promiscuous compound.
FLT3 (

Discussion
The T670I mutation in KIT and the T790M mutation in EGFR are homologous to the T315I mutation in BCR-ABL, and all three mutations confer resistance to clinical-stage ATP-competitive kinase inhibitors. This threonine residue, also called the gatekeeper, is known to be an important determinant of inhibitor binding in the context of multiple kinases (13, 18, 42, 43) . Imatinib-resistant mutations at other positions in the ABL kinase tend to weaken binding only moderately, albeit enough to confer clinical resistance. The T315I mutation in BCR-ABL confers resistance not only to imatinib, but to all other second-generation, ATP-competitive BCR-ABL inhibitors described so far, including BMS-354825 and AMN-107 (19, 20) . The clinical importance of this mutation may grow considerably, as to date it appears to represent the primary mechanism of resistance to BMS-354825 in patients (N.P.S. and C.L.S., unpublished observations). It has been shown that the Hsp90 inhibitors geldanamycin and 17-allylaminogeldanamycin can induce degradation of BCR-ABL(T315I) (44) , but the only direct inhibitor of BCR-ABL(T315I) described so far is a non-ATPcompetitive preclinical compound (45 Although it has been observed that compounds chemically related to SU-11248 can inhibit kinases with mutations at the conserved threonine residue (18) , our finding that SU-11248 inhibits KIT(V559D͞T670I) with no apparent loss in potency has, to our knowledge, not been described previously, and is of direct clinical relevance because SU-11248 is in late stage trials for imatinib-resistant GIST. It has been reported recently that the trials will be halted ahead of schedule because of the apparent efficacy of the compound (Pharmaprojects database). The mutation status of patients has, to our knowledge, not been reported, and our results suggest that patients with gatekeeper mutations in KIT may be among those treated successfully with SU-11248 for imatinibresistant GIST. The recent description of T790M as a secondary clinical gefitiniband erlotinib-resistance mutation in EGFR was anticipated by in vitro studies with gefitinib in the context of wild-type EGFR (18) . The finding that EGFR inhibitors already in clinical trials can inhibit EGFR(L858R͞T790M) suggests that refractory or relapsed patients with the T790M mutation may benefit from treatment with EKB-569 or CI-1033. Interestingly, the three inhibitors of EGFR(L858R͞T790M) identified in our screen, CL-387785, EKB-569, and CI-1033, are the only compounds we tested that are known to inhibit EGFR irreversibly (47) (48) (49) . Other clinical EGFR inhibitors that do not act irreversibly, such as GW-572016 and ZD-6474, have only weak activity against EGFR(L858R͞T790M). A close derivative of EKB-569, HKI-272, has potent activity against both EGFR and ERBB2 and is in clinical development (50) . HKI-272 is also an irreversible inhibitor and may therefore inhibit EGFR with the T790M mutation.
We show here for three different drug-resistant kinase targets that protein kinase inhibitors already in clinical development can inhibit mutant kinase variants resistant to first-line targeted therapies. Our results also indicate that drug resistant gatekeeper mutants are not necessarily more difficult to inhibit with an ATP-site directed small molecule, as suggested by the behavior of compounds such as imatinib and BMS-354825. Although the compounds we identified must be tested further in additional cell and animal models, and their utility in the clinic explored, we hope that this approach can help lead quickly to new treatment options for patients with resistance mutations as well as inform and facilitate the development of next-generation compounds.
Note. While this manuscript was under review, EKB-569 and HKI-272 were independently reported as potent inhibitors of EGFR variants with the T790M mutation (51).
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